One hundred and five isotopes of the transuranium elements neptunium, plutonium, americium, curium, berkelium and californium have so far been observed; the discovery of these isotopes is discussed. For each isotope a brief summary of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of neptunium, plutonium, americium, curium, berkelium and californium isotopes is discussed as part of the series summarizing the discovery of isotopes, beginning with the cerium isotopes in 2009 [1] . Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement, the measured value is compared to the currently adopted value taken from the NUBASE evaluation [2] which is based on the ENSDF database [3] . In cases where the reported half-life differed significantly from the adopted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life. All reported half-lives inconsistent with the presently adopted half-life for the ground state were compared to isomer half-lives and accepted as discoveries if appropriate following the criterium described above.
The first criterium is not clear cut and in many instances debatable. Within the scope of the present project it is not possible to scrutinize each paper for the accuracy of the experimental data as is done for the discovery of elements [4] . In some cases an initial tentative assignment is not specifically confirmed in later papers and the first assignment is tacitly accepted by the community. The readers are encouraged to contact the authors if they disagree with an assignment because they are aware of an earlier paper or if they found evidence that the data of the chosen paper were incorrect.
The discovery of several isotopes has only been reported in conference proceedings which are not accepted according to the second criterium. One example from fragmentation experiments why publications in conference proceedings should not be considered are 118 Tc and 120 Ru which had been reported as being discovered in a conference proceeding [5] but not in the subsequent refereed publication [6] .
In contrast to the criteria for the discovery of an element [4, 7, 8] , the criteria for the discovery or even the existence of an isotope are not well defined (see for example the discussion in reference [9] ). Therefore it is possible, for example in the case of plutonium and californium, that the discovery of an element does not necessarily coincide with the first discovery of a specific isotope.
The initial literature search was performed using the databases ENSDF [3] and NSR [10] of the National Nuclear Data Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's.
For earlier references, several editions of the Table of Isotopes were used [11] [12] [13] [14] . Additional excellent resources were the preface of the National Nuclear Energy Series volume containing the Transuranium research papers [15] and the book "The elements beyond Uranium" by Seaborg and Loveland [8] .
Discovery of 225−244 Np
The element neptunium was discovered by McMillan and Abelson in 1940 [16] . A previous claim of natural occurring element 93 in 1934, named bohemium [17] , was very quickly discredited [18] . Also in 1934 Fermi et al. reported the "Possible production of elements of atomic number higher than 92" in neutron bombardment of uranium [19] . In his Nobel lecture he named the element with Z=93 ausenium but in the write-up of the lecture he added a footnote:
"The discovery by Hahn and Strassmann of barium among the disintegration products of bombarded uranium, as a consequence of a process in which uranium splits into two approximately equal parts, makes it necessary to reexamine all the problems of the transuranic elements, as many of them might be found to be products of a splitting of uranium." [20] . In 1939, another claim for natural occurring neptunium, named sequanium [21] , was later shown to be incorrect.
The name neptunium was officially accepted at the 15 th IUPAC conference in Amsterdam in 1949 [22, 23] .
Twenty neptunium isotopes from A = 225-244 have been discovered so far. According to the HFB-14 model [24] about 80 additional neptunium isotopes could exist. Figure 1 summarizes the year of first discovery for all neptunium isotopes identified by the method of discovery: heavy-ion (A>4) fusion evaporation reactions (FE), light-particle (A≤4) reactions (LP), neutron capture (NC), and heavy-ion transfer reactions (TR). In the following, the discovery of each neptunium isotope is discussed in detail and a summary is presented in Table 1 .
Np
The 1994 article "The kinematic separator VASSILISSA performance and experimental results" by Yeremin et al. was the first publication reporting the observation of 225 Np [25] . 22 Ne beams from the Dubna U-400 cyclotron bombarded a 209 Bi target forming 225 Np in the (6n) fusion-evaporation reaction. 225 Np was separated with the kinematic separator VASSILISSA and implanted in an array of silicon detectors which also recorded subsequent α decays. "New isotopes 
In 1990 Ninov et al. reported the discovery of 226 Np in "Identification of neutron-deficient isotopes 226,227 Np" [26] .
A 209 Bi target was bombarded with 5.5 MeV/u 22 Ne beams from the GSI UNILAC accelerator populating 226 Np in the (5n) fusion-evaporation reaction. Evaporation residues were separated with the gas-filled DQQ spectrometer NASE and implanted into a passivated ion implanted silicon detector which also recorded subsequent α decays. "The spectrum shows two α lines at (8044±20) keV and (8430±20) keV which we assigned to 226 Np and its granddaughter 218 Fr." The measured half-life of 30 (8) ms is included in the calculation of the currently adopted value.
The 1990 discovery of 227 Np by Andreyev et al. was reported in "A new isotope and α-lines in the Th-Np region and their production cross-sections" [27] . Review on January 28, 1941. However, it was only published in 1946 as explained in a footnote of the paper: "This letter was received for publication on the date indicated but was voluntarily withheld from publication until the end of the war" [37] . This is an example where the element discovery differs from the discovery of a specific isotopes because no mass identification was made. The parent β-decay activity was assigned to either mass 238, 236 or 235 [37] .
In 1934 Fermi et al. had reported the "Possible production of elements of atomic number higher than 92" in neutron bombardment of uranium [19] . In his Nobel lecture he named the element with Z=94 hesperium, but in the write-up of the lecture he added a footnote: "The discovery by Hahn and Strassmann of barium among the disintegration products of bombarded uranium, as a consequence of a process in which uranium splits into two approximately equal parts, makes it necessary to reexamine all the problems of the transuranic elements, as many of them might be found to be products of a splitting of uranium." [20] .
The name plutonium was officially accepted at the 15 th IUPAC conference in Amsterdam in 1949 [22, 23] .
Twenty plutonium isotopes from A = 228-247 have been discovered so far. According to the HFB-14 model [24] about 85 additional plutonium isotopes could exist. Figure 2 summarizes the year of first discovery for all plutonium isotopes identified by the method of discovery: heavy-ion (A>4) fusion evaporation reactions (FE), light-particle (A≤4) reactions (LP), neutron capture (NC), and thermonuclear tests (TNT). In the following, the discovery of each plutonium isotope is discussed in detail and a summary is presented in Table 1 . (2) min agrees with the presently adopted value of 20.9(4) min.
Pu
The discovery of 234 Pu was described in the 1949 paper "Products of the deuteron and helium-ion bombardments of U 233 " by Hyde et al. [32] . 233 U targets were bombarded with 44 MeV α particles from the Berkeley 60-in. cyclotron.
Alpha-particle absorption and decay spectra were measured following chemical separation. "By measuring the α spectrum of the plutonium fraction in a multichannel differential pulse analyzer at frequent intervals and plotting the specific decay of the 6.0-mev peak, values of 12.5 and 5.1 hr were obtained for the half life. The α half life may be taken as roughly 8±4 hr. This previously unknown plutonium isotope was tentatively identified as Pu 234 by establishing the presence of its U 230 daughter in the uranium fraction." The half-life is consistent with the currently adopted value of 8.8 (1) h. Sixteen americium isotopes from A = 232-247 have been discovered so far. According to the HFB-14 model [24] about 80 additional americium isotopes could exist. Figure 3 summarizes the year of first discovery for all americium isotopes identified by the method of discovery: heavy-ion (A>4) fusion evaporation reactions (FE), light-particle (A≤4) reactions (LP), neutron capture (NC), and thermonuclear tests (TNT). In the following, the discovery of each americium isotope is discussed in detail and a summary is presented in Table 1 . The observation of 230 Am has only been reported in a progress report [63] . Year Discovered Fig. 4 : Curium isotopes as a function of time when they were discovered. The different production methods are indicated.
Discovery of 237−251 Cm
The element curium was discovered in 1944, announced in 1945 [62] Fourteen curium isotopes from A = 237-251 have been discovered so far. According to the HFB-14 model [24] about 85 additional curium isotopes could exist. Figure 4 summarizes the year of first discovery for all curium isotopes identified by the method of discovery: heavy-ion (A>4) fusion evaporation reactions (FE), light-particle (A≤4) reactions (LP), neutron capture (NC), and thermonuclear tests. In the following, the discovery of each curium isotope is discussed in detail and a summary is presented in Cm in an internal report [83] could not be confirmed [84] . Also, the observation of 233 Cm and 234 Cm has only been reported in an internal report [85] . 
Cm
In 1966 the Combined Radiochemistry Group reported the discovery of 250 Cm in "Nuclear decay properties of heavy nuclides produced in thermonuclear explosions-par and barbel events" [96] . 
Discovery of 238−251 Bk
The discovery of the element berkelium was published in 1950 by Thompson et al. identifying 243 Bk [99] . The authors of this first paper suggested the name berkelium with the symbol Bk: "It is suggested that element 97 be given the name berkelium (symbol Bk), after the city of Berkeley, in a manner similar to that used in naming its chemical homologue terbium (atomic number 65) whose name was derived from the town of Ytterby, Sweden, where the rare earth minerals were first found."
Thirteen berkelium isotopes from A = 238-251 have been discovered so far. According to the HFB-14 model [24] about 80 additional berkelium isotopes could exist. Figure 5 summarizes the year of first discovery for all berkelium isotopes identified by the method of discovery: heavy-ion (A>4) fusion evaporation reactions (FE), light-particle (A≤4) reactions (LP), and neutron capture (NC). In the following, the discovery of each berkelium isotope is discussed in detail and a summary is presented in Table 1 . The observation of 234 Bk has only been reported in a progress report [63] .
Evidence for the observation of 236 Bk [70] has not been accepted by the ENSDF data evaluation.
Bk
In the 1994 paper "Electron-capture delayed fission properties of the new isotope fusion-evaporation reaction. 241 Bk was separated with the gas-jet coupled JAERI-ISOL on-line separator. X and γ rays
were measured with a coaxial Ge detector and a 35% n-type Ge detector. "The half-lives of Cm K α1 and K α2 X rays were deduced through both the analyses. By taking a weighted average, the half-life of 241 Bk was determined to be 4.6±0.4 min." This value is the currently adopted half-life.
The identification of 242 Bk by Wolf and Unik was reported in the 1972 paper "Fissioning isomers of americium, curium and berkelium isotopes" [102] . [104, 105] . Although this assignment was very tentative it is currently being accepted as correct [106] .
The identification of 244 Bk by Wolf and Unik was reported in the 1972 paper "Fissioning isomers of americium, curium and berkelium isotopes" [102] . 243 Am was bombarded with α particles from the Argonne 152 cm cyclotron forming 244 Bk in the (α,3n) reaction. 244 Bk was identified from excitation functions of the delayed fission activity. "A fissioning isomer with an 820 ns half-life has been assigned to 244 Bk on the basis of the measured characteristic (α,3n) excitation function shown in [the figure] ." This value is the currently adopted half-life for the isomeric state. Previously, the observation of the 244 Bk ground-state was reported in two unpublished theses [105, 107] . 65 ), respectively; the best we can do is point out, in recognition of the fact that dysprosium is named on the basis of a Greek word meaning 'difficult to get at,' that the searchers for another element a century ago found it difficult to get to California" [116] .
Twenty californium isotopes from A = 237-256 have been discovered so far. According to the HFB-14 model [24] about 85 additional californium isotopes could exist. Figure 6 summarizes the year of first discovery for all californium isotopes identified by the method of discovery: heavy-ion (A>4) fusion evaporation reactions (FE), light-particle (A≤4) reactions (LP), and neutron capture (NC). In the following, the discovery of each californium isotope is discussed in detail and a summary is presented in Table 1 . Year Discovered Fig. 6 : Californium isotopes as a function of time when they were discovered. The different production methods are indicated.
Recoil products were separated with the velocity filter SHIP and implanted in an array of position sensitive surfacebarrier detectors which also recorded subsequent α decay and spontaneous fission. "Correlated to this decay we observed a daughter decay of (7,630±25)keV and a half1ife of (39 the Berkeley Hilac to bombard uranium targets with a 124 MeV 12 C beam. Reaction products were slowed in helium gas and deposited on a platinum disk which was then moved to an α grid chamber. "A least-squares analysis of the decay of the α-particle group at 7.05±0.02 MeV in which about 300 events were used gave a half-life of 10.3±0.5 min. 
Summary
The discoveries of the known transuranium isotopes neptunium, plutonium, americium, curium, berkelium, and californium have been compiled and the methods of their production discussed. 
